Family-based association methods for detecting quantitative trait loci (QTL) have been developed primarily for autosomes, and comparable methods for X-linked QTL have received less attention. We have developed a family-based association test for quantitative traits, named XQTL, which uses X-linked markers in a nuclear family design. XQTL adopts the framework of the orthogonal model implemented in the QTDT program, modifying the sex-specific score for X-linked genotypes. XQTL also takes into account the dosage effect due to female X chromosome inactivation. Restricted maximum likelihood (REML) and Fisher's scoring method are used to estimate variance components of random effects. Fixed effects, derived from the phenotypic differences among and within families, are estimated by the least-squares method. Our proposed XQTL can perform allelic and two-locus haplotypic association tests and can provide estimates of additive genetic effects and variance components. Simulation studies show correct type I error rates under the null hypothesis and robust statistical power under alternative scenarios. The loss of power observed when parental genotypes are missing can be compensated by an increase of offspring number. By treating age at onset of Parkinson disease as a quantitative trait, we illustrate our method, using MAO polymorphisms in 780 families.
Introduction
Many association tests have been developed for identifying autosomal loci. [1] [2] [3] [4] However, evidence of genetic loci on the X chromosome exists for complex genetic diseases. [5] [6] [7] X-linked loci display distinctive male and female inheritance patterns, and their effect on dosage compensation must be treated differently from that of autosomal loci. A few X-linked association methods have been recently developed for qualitative traits, [8] [9] [10] [11] but few association methods for testing X-linked quantitative trait loci (QTL) have been developed. In contrast, X-linked QTL linkage mapping has been routinely performed. Wiener et al. 12 extended the Haseman-Elston method to perform linkage analysis on the X chromosome for sib pairs. The software packages MERLIN 13 and SOLAR 14 are capable of performing single-point quantitative trait linkage analysis for the X chromosome. Lange and Sobel 15 extended the theory of X-linked QTL linkage mapping for multivariate traits and implemented the method in the software Mendel. Ekstrm 16 extended multipoint identity-by-descent (IBD)-estimation methods 14, 17, 18 to accommodate X-linked loci. He estimated separate variance components for male-male, female-female, and male-female relative pairs, using separate IBD matrices for each class of paired individuals. Kent et al. 19 provided an alternative view, based on Ekstrm, 16 for simplifying the ''X effect'' as a single parameter, by the use of the dosage-compensation model. 20 The methods proposed by Ekstrm 16 and Kent et al. 19 also have the flexibility to include different covariance matrices for different states of X-inactivation patches. Linkage analysis and association analysis have different null hypotheses. Linkage analysis hypothesizes that a random effect contributed by the QTL has a variance component equal to zero (absence of linkage between the marker and the QTL), whereas association analysis hypothesizes that a fixed effect contributed by the QTL segregating within all families has a mean of zero. In this study, we develop a family-based association test for X-linked markers for quantitative traits in nuclear families with multiple offspring and possibly incomplete parental information. This framework is then extended to haplotype association tests for two markers. We consider two types of missing data: missing genotypes and ambiguous haplotype phases. This method, which we call XQTL, proposes a likelihood framework with a combination of orthogonal model and variance components and takes into account the presence or absence of dosage compensation. Dudbridge 21 recently proposed a likelihood-based association method for nuclear families, in which distinct sets of association parameters are used for modeling the parental genotypes and the offspring genotypes and can be applied to X-linked markers. His approach, implemented in the UNPHASED program, 21 is robust to population structure when the data are complete and has only minor loss of robustness when there are missing data. We evaluate type I error and power and compare XQTL with UNPHASED 3.0.8 with the use of simulated data. In addition, we apply XQTL to analyze genotype data from families with Parkinson disease for the age-at-onset trait.
Material and Methods

Assumptions and Notation
Assume a sample of N independent nuclear families consisting of father, mother, and n i offspring in the ith family (i ¼ 1,2,., N). We assume that the observed quantitative trait T is influenced mainly by a single QTL on the X chromosome and follows a normal distribution: T~N(m, U). Let Q 1 and Q 2 represent alleles of the X-linked QTL with frequencies p and q (p þ q ¼ 1), respectively. We assume that the additive genetic value of Q 1 is a (a R 0). Therefore, at the single X-linked QTL, males have a for genotypes Q 1 Y and 0 for Q 2 Y, in which Y represents the Y chromosome. For females, we take into account the occurrence of X-inactivation. X-inactivation is a process in which one copy of the X chromosome present in females is inactivated. When X-inactivation occurs, the female does not have twice as many X chromosome gene products as the male. We assume that the choice of which X chromosome will be inactivated is random and that once an X chromosome is inactivated it will remain inactive throughout the lifetime of the cell and all of its daughter cells. Because not all genes on the X chromosome are completely inactivated, we consider both the presence and the absence of dosage compensation for females. For an additive genetic model, if there is no dosage compensation (NDC), the genetic effect is designated as 2a for female X-linked QTL genotype Q 1 Q 1 , a for Q 1 Q 2 , and 0 for Q 2 Q 2 . If there is dosage compensation (DC), in which X-linked gene expression is equal in both sexes, the genetic effect is a for female X-linked QTL genotype Q 1 Q 1 , a/2 for Q 1 Q 2 , and 0 for Q 2 Q 2 .
Assume a single X-linked marker with M 1 and M 2 allele frequencies of r and s (rþs ¼ 1), respectively. Let the marker genotype score for the jth offspring in the ith family be g ij . If the offspring is male, the scores g ij of genotypes M 1 Y and M 2 Y are 1 and 0, respectively. If the offspring is female, the scores g ij of genotypes M 1 M 1 , M 1 M 2 , and M 2 M 2 are 2, 1, and 0 (NDC) and 1, 1/2, and 0 (DC), respectively. The parental genotype scores are defined in the same way, but they are labeled as g iM and g iF for the male and female parent, respectively, in the ith family.
The above genotype scoring system was extended to haplotypes of two-locus X-linked markers, in which we transform multiple haplotypes to multiallele format. That is, assume two tightly linked diallelic markers, A and B, with alleles of A 1 , A 2 and B 1 , B 2 , respectively. We indicate haplotypes as
, and H 3 ¼ A 2 B 2 and their corresponding frequencies by R k , in which k ¼ 0, 1, 2, or 3 and
Assuming random mating in the population, the probability that a female drawn from the population at random has genotype phase H k H l is 2
and the probability that a male drawn from the population at random has genotype H k Y is R k . Let the marker phased-genotype score for the jth offspring in the ith family be g ij . Similar to the single-locus case, we choose haplotype H 3 as the reference haplotype. Therefore, g ij is a 133 vector, with elements corresponding to the score for haplotypes H 0 , H 1 , H 2 . The genotype scores of male and female phased genotypes are presented in Table 1 . The genotypescore vector {0, 0, 0} indicates the nonrisk H 3 H 3 or H 3 Y genotype. We assume that there is no recombination between the marker to be tested and X-linked QTL. Linkage disequilibrium (LD) between the X-linked QTL and the SNP marker can be measured by D ¼ P Q1M1 À pr, in which P Q1M1 is the frequency of haplotype Q 1 M 1 . We define a (a R 0) to be the additive genetic value of M 1 and it follows that a ¼ aD/rs, [22] [23] [24] in which a is the additive genetic value of the X-linked QTL and r and s are the marker-allele frequencies. In contrast, for the haplotypes of two markers, LD between the X-linked QTL and the haplotype H 1 was measured by D 0 ¼ P Q1A1B1 À pR 0 , in which P Q1A1B1 is the frequency of the Q 1 A 1 B 1 haplotype of the Q, A, and B loci. Similarly,
We assume throughout that risk is associated with a single haplotype.
Model for Quantitative Phenotype
Assuming only additive genetic effects, the observed quantitative phenotype can be modeled as
in which T ij is the observed trait value for the jth offspring in the ith family, m 0 is the population mean, b is a coefficient of the marker genotype score, Q ij is a random effect due to the X-linked QTL after accounting for the marker association, G ij is a random effect due to the unlinked autosomal QTL, and E ij is a random environmental effect. In this model, the population mean and that association between markers and the X-linked QTL are represented by fixed parameters (m 0 , b). Q ij , G ij , and E ij are assumed to be normally distributed, each with mean 0 and variances s 2 q , s 2 g , and s 2 e , respectively. We explicitly assume that there is no interaction among random effects.
To avoid spurious association introduced by population stratification, we follow the orthogonal model 4, 23 to decompose the SNP or haplotype marker genotype score g ij into between-and withinfamily components: b i is the expectation of g ij conditional on family genotype data, and w ij is the deviation from this expectation for offspring j, in which w ij ¼ g ij À b i and w ij is orthogonal to b i . In nuclear families, b i is defined as ð P g iF þ P g iM Þ=2 if parental genotypes are complete; otherwise, the EM algorithm is applied for reconstruction of the missing parental genotypes or the ambiguous haplotype phase weighted by the observed genotypes of all family members and parental mating-type frequencies 
in the population (Appendix A). Table 2 illustrates how b i and w ij are scored at a SNP marker in triads under dosage compensation (DC). Given the above orthogonal decomposition, the expected trait value takes the form
x equals the number of alleles at a marker À 2 or the number of haplotypes at two markers À 2. b bk and b wk are the between-and within-family coefficients of kth allele or haplotype. We prove that the vectorb w remains an unbiased estimate of the additive genetic value of the marker allele or haplotype. For the kth allele or haplotype, b wk ¼ a k under NDC and b wk ¼ 7a k /8 under DC (Appendix B), in which a k > 0 only when the kth allele or haplotype of the marker is associated with the X-linked QTL.
Variance-Covariance Matrix
Linkage is represented by the covariance structure of the trait. The phenotypic covariance matrix U of the trait plays an important role in the likelihood function of our proposed model (Equation 1). For the offspring j in the ith family, the linkage random effects are uncorrelated, so the main diagonal of U ij is s 
in which f ijk is the kinship coefficient between siblings j and k in family i and p ff , p mm , and p mf are the probabilities that an allele drawn at random from the X-linked QTL of individual j is identical by descent (IBD) to an allele drawn at random from the same X-linked QTL of individual k for female-female pairs, male-male pairs, and female-male pairs, respectively. Computer programs, such as SOLAR 14 
Association Test and Maximum Likelihood Estimation
The association test is based on the likelihood-ratio framework, which requires modeling of the mean and variance components of the trait. Under multivariate normality, the likelihood of the data is given by
in which in family i, U i is the expected covariance matrix, T i is the observed phenotype vector, m i is the phenotype mean vector, and
The X-linked association test is conducted by maximizing the log likelihood log(L 1 ), which has no constraints on the parameters, and comparing log(L 1 ) with the model log(L 0 ), in which inference parameters are fixed at zero. To test the association for a single allele or specific haplotype, the corresponding b wk is constrained at zero under the null hypothesis that the allele or specific haplotype has no association with the quantitative trait, but other parameters are estimated freely, yielding a chi-square test (c 2 ) with one degree of freedom. If all haplotypes are tested simultaneously for global association, b wk , k ¼ 0, 1, 2 are all fixed at zero under the null hypothesis, leading to an asymptotic c 2 with three degrees of freedom. We use the Bonferroni correction to choose the significance criterion for testing individual haplotypes. We use restricted maximum likelihood (REML) and Fisher's scoring methods to estimate the variance components. The mean parameters can be estimated by use of the least-squares equation (Appendix C). The step-halving algorithm 25 is applied in numerical estimation, which is helpful whenever a variancecomponent estimate approaches zero.
Simulation Studies
We carried out a number of simulation studies to investigate type I error rates of XQTL and compared power of XQTL to the existing software package UNPHASED. We assumed random mating in the 
a Pr(MF) is parental mating-type frequency in the population. r and s are the frequencies for alleles M 1 and M 2 of a marker on the X chromosome.
population and a diallelic additive QTL on the X chromosome, with alleles Q 1 and Q 2 (allele frequencies p and q).
At a single X-linked marker, the minor allele frequencies (MAFs) of the marker and the X-linked QTL were set equal; i.e., p ¼ r ¼ 0.2. Linkage disequilibrium (LD) between the X-linked QTL and the marker locus was introduced in the parental chromosomes. For the haplotypes of two diallelic X-linked marker loci, we assumed that the two markers are tightly linked and in perfect LD. To generate data, we treated the two-locus marker as a ''multiallelic locus.'' Under the null hypothesis, the parental haplotypes were transmitted randomly to the offspring.
The trait value due to the X-linked QTL follows the mean and variance-component model in Equations 2 and 3. We assumed that the polygenic effect from another diallelic additive QTL on an autosome was not associated with the marker on the X chromosome. Autosomal QTL MAF was arbitrarily set at 0.3, and its contribution to the trait value followed a normal distribution, with mean 0 and variance s 2 g . The residual environmental effect was assumed to be normally distributed with mean 0 and variance s 2 e . Therefore, once the offspring marker and X-linked QTL joint genotype is determined, the trait value is the summation of independent contributions from the X-linked QTL, the autosomal QTL, and a residual environmental factor. We set the total variance
e ¼ 40 and the heritability s 2 m =V ¼ 0:1. We tested XQTL on various nuclear family structures: complete families, families with one missing parent, and families with two missing parents. Here, we illustrate two data sets in which both parental genotypes were either available or missing. Every family included two or four offspring. For each simulation, 5000 replicates were generated for estimation of type I errors and statistical power.
The type I error was studied under the null hypothesis of no association between the X-linked QTL and the markers. The LD for the X-linked QTL and single marker was set as D ¼ 0, and LD for the X-linked QTL and haplotype marker was set as D 0 ¼ 0, D 1 ¼ 0, and D 2 ¼ 0. We started with one environmental-effectonly model and added, in turn, variance components for polygenic and X-linked major gene effects. When X-linked effects were estimated, models with and without dosage compensation were evaluated. We omitted the X-linked dominance effects from all models tested. Table 3 describes six scenarios and two admixture models investigated.
Power for detecting association between the X-linked QTL and the marker locus was studied at different levels of LD between 0 and D max . At a single marker,
26 because we treated the haplotype marker as a ''multiallelic locus.'' Estimation of the variance components and the additive genetic value of the X-linked marker were examined for scenarios 5 and 6 in Table 3 . The same simulated data were used for UNPHASED analysis. For association tests under DC or NDC, marker genotype scoring and major X-linked genetic variance are treated differently in females. For each data set, we applied DC and NDC tests regardless of which dosage composition model was used in the simulation. We examined the correlation between DC and NDC tests by the Pearson correlation coefficient for simulations of scenarios 5 and 6. In addition, we compared the minimum p value of DC and NDC tests for each of 5000 replications to a Bonferroni critical value of 0.025.
Candidate Gene Analysis for Parkinson Disease
Parkinson disease (PD [MIM 168600]) is a degenerative disorder of the central nervous system that often impairs the patient's motor skills and speech. PD is known to have a complex etiology, with multiple genetic and environmental components. Many studies focus on identifying susceptibility genes that affect the development of PD; in addition, age at onset (AAO) of PD is another phenotype of interest that has been treated as a quantitative trait for mapping of the genetic modifiers. 27 AAO is clinically defined as the age when a PD patient first encountered one of the three cardinal signs of PD (resting tremor, bradykinesia, and rigidity Study protocols and consent forms were approved by the institutional review board of each collaborative site of the Miami Udall Parkinson Center. This data set has previously been studied for association with a qualitative trait with the use of PDT, 28 X-APL, 9 and X-LRT. 8 The sample consists of 780 families with up to 12 siblings and up to 3 offspring affected. Although AAO is available only for the affected individual, the genotypes of unaffected offspring are included for reconstruction of missing parental genotypes. In addition to applying XQTL analysis, we applied the X-APL, 9 a family-based association test of X chromosomal markers for qualitative traits, to test association between markers and PD by using AAO-stratified data sets. We defined early-onset families (EOPD) as having at least one affected individual with an AAO younger than 40 years (75 families) and late-onset families (LOPD) as having all affected individuals with an AAO of 40 years of age or older (705 families). Table 4 presents estimates of type I errors for a single marker in 250 nuclear families. In all scenarios, with or (Table 6 ). This suggests that the c 2 approximation for the global test is inadequate for such sparse data. However, it appears that the c 2 distribution with df ¼ 1 yields a good approximation for the haplotype-specific statistics, thereby suggesting that the haplotype-specific statistics tend to be fairly robust to rare-frequency cases. We also examined the impact of varying the sample size (100-2000 families), the X-linked QTL MAF (from 0.1 to 0. Table 7 shows the estimates of the within-family Table 8 . The estimates are close to the true values. Estimates of the polygenic variance and the residual environmental variance are close to the simulation settings.
Results
Type I Error
Statistical power of XQTL tests was evaluated with the use of nuclear families with two and four siblings under scenarios 5 and 6 of Table 3 (see Figure 1) . As expected, power increases when the linkage disequilibrium between the X-linked QTL and the SNP marker becomes stronger. When parental genotypes are available, power depends mostly on the amount of disequilibrium between the trait and the marker locus and is largely independent of the number of offspring in each family. In contrast, when parental genotypes are not available, power is affected by both the family size and the level of disequilibrium. For any family size, power is always greater when parental genotypes are available for analysis. However, the loss of efficiency with missing parents can be improved in families with more informative offspring genotypes. Figure 2 shows the difference in power between the global test and the haplotype-specific test with two offspring families in scenario 5 and 6. Without a Bonferroni correction, the haplotype-specific statistic is more powerful than the global statistic when both DC/NDC tests work on the same data set, and in some situations, for example D 0 < 0.03, there is substantially higher power of the haplotype-specific test with missing data than the global statistic with complete data. On the other hand, if a Bonferroni correction is applied to the significance level of haplotype-specific statistics, such as 0.05/3 ¼ 0.017, the maximum power of the haplotype-specific statistic at D 0 ¼ D 0max is 0.975 (DC Test) and 0.986 (NDC Test), still higher than power of the global statistic. We conclude that the XQTL global statistic may lose power because of the often large number of degrees of freedom involved.
UNPHASED (see Web Resource) is a software that can test X-linked markers for evidence of genetic association. It is based on a linear regression model but does not include variance components in the covariance structure. For X chromosome analysis it assumes male genotypes as homozygotes and uses an indicator covariate (''sibsex modifier'' option) to obtain separate association analyses of males and females. The power comparison between XQTL and UNPHASED was evaluated by simulated data from scenarios 5 and 6 using families with 2 offspring (Figures  3 and 4) . For XQTL, the DC test has the highest power in DC simulation data and the NDC test has the highest power in NDC simulation data. The UNPHASED quantitative allele test without a ''sibsex modifier'' option follows the same power pattern as the XQTL DC test in both simulation models, whereas the UNPHASED quantitative allele test with a ''sibsex modifier'' option has lower power in our simulations.
XQTL Analysis for Age-at-Onset Data of PD and MAO Genes XQTL tests were applied for analysis of nine MAOA SNP markers and six MAOB SNP markers. 28 X-APL validation shows no strong association between rs3027452 and PD in overall data (p ¼ 0.065) and EOPD data (p ¼ 0.631), but there is a significant result in LOPD data (p ¼ 0.022); also, there is no strong association between haplotypes of rs3027452-rs1183035 and PD in overall data (p ¼ 0.134) and EOPD data (p ¼ 0.853), but there is potential association in LOPD data (p ¼ 0.034). In sex-specific subsets, we tested both single markers and haplotype markers with X-APL and replicated results only in the late-onset group in the female subset (p ¼ 0.026 for SNP rs1799836 and p ¼ 0.029 for haplotype rs3027452-rs1183035). 
Discussion
We propose a family-based association method, XQTL, for testing association between X-linked marker alleles (or haplotypes) and a quantitative trait and for estimating the additive genetic value of a marker-allele (or haplotype). Our method has several attractive properties. First, the orthogonal decomposition controls spurious associations due to population stratification. Second, it can greatly increase power as compared with the existing software in the presence or absence of female X-inactivation. Third, family-based tests for association in regions with confirmed linkage might be subject to increased type I error rates. The use of variance-components analysis in which linkage is modeled as a random effect among related individuals avoids this problem. 4 Finally, our method makes use of a mixed model that considers all of the effects from the major gene on the X chromosome, as well as the autosomal polygenic effect and the environmental factor. Our simulations validate the type I error rates of XQTL tests when we vary the sample size, family structure, and marker-allele (or haplotype) frequencies. We show that XQTL is robust to a variety of biases, including the presence of linkage, population admixture, and a polygenic effect, although we note that a large polygenic variance (for example, s 2 g =VR0:5) or a very rare X-linked marker-allele (or haplotype) frequency (%0.005) might cause inflated type I error. Missing parental information is common in late-onset diseases. We demonstrate that XQTL is valid when parental genotype data are unavailable.
We show the utility of XQTL applied to SNP data of MAOA and MAOB in a set of PD family data. Our analyses suggest that MAOB might play a role in increasing disease risk in the elderly and also influencing differential susceptibility between sexes.
The proposed method has limitations and is not optimal in all situations: (1) When parental genotypes are missing and the assumption of random mating is violated, the type I error rate of XQTL might be increased. (2) The global haplotype test provides accurate type I error rates for the common haplotypes but tends to be liberal for rare haplotypes. (3) The current version of XQTL handles haplotype analysis for only two SNP markers, but it is possible to extend to more than two markers under the same framework. However, increasing the number of markers will increase computational time. (4) One can apply the Bonferroni correction to address the mutliple testing of DC and NDC tests (a/2 ¼ 0.025) at a single marker. However, because most X chromosome loci are subject to dosage compensation, in practice, one may obtain higher statistical power by applying the DC test even though the underlying appropriate QTL dosage model is unknown. Our simulations indicate that testing for association with an incorrect model is likely to result in a conservative test under the null hypothesis and a loss of power relative to the correct model under an alternative hypothesis. We therefore suggest that a sequential procedure be used: apply the DC test first, then apply the NDC test if the marker is not significant under the DC test. Because most loci are subject to dosage compensation, we suggest using significance levels of 0.04 for the DC test and 0.01 for the NDC test. On the basis of this testing strategy, the rs3027452 of MAOB remains interesting for the AAO trait in PD.
In conclusion, the XQTL method presented here is one of few family-based association methods for analyzing X-linked markers and quantitative traits. It is a powerful, robust, and efficient tool for evaluating association between single SNPs or haplotypes of two markers on the X chromosome and complex diseases. Accurate estimation of the effects for quantitative traits allows us to assess the relative degree to which traits are determined by X-linked genes. If it is preferable to estimate male and female major genetic variance separately, the variance-component model can be adjusted as suggested by Ekstrm. 16 In addition, the XQTL Suppose that in a sample of N nuclear families, n MF indicates the number of families that have female parent genotype (F) and male parent genotype (M). Because males are hemizygous for markers located on the X chromosome, haplotype phase is known if a male genotype is available. In females, however, there may be ambiguity when the marker is doubly heterozygous. With complete nuclear family data, the haplotype phase of the female can be deduced by tracing parent-offspring haplotype transmission. We denote C to be the genotypes of children in a family and use ''.'' notation to indicate missing parental genotypes or ambiguous phases. For example, n M . denotes the number of families in which the mother's genotype or phase is unknown but the father's genotype is available. We define W as the weight for the phased genotype when there are missing or ambiguous data.
represent an expected count of parents with genotype (MF) at iteration tþ1. Let Pr(MF) (t) represent the parental mating-type frequencies in the population at iteration t. The expected number of the parental mating follows:
in which z indicates the set of offspring in a family. M u is all possible father genotypes within the family. F u is all possible mother genotypes within the family. The corresponding component of the log-likelihood is given by E(N MF ) 3 log(Pr(MFjT)), in which Pr(MFjT) represents the parental mating-type frequencies conditional on the vector of observed offspring trait values. The M step then maximizes the log likelihood to update parameter estimates.
in which N is total sample size. The EM algorithm cycles between the E and M steps until the parameters converge. Convergence is declared when the difference of the sum of squares between successive estimates is less than 1e À 12.
The phased genotypes are the weighted sum of possible phases, with weights proportional to the observed genotypes of all family members and estimations of parental mating-type frequencies in the population. Three scenarios are considered: (1) father's genotype is missing and mother's phase is known, (2) father's genotype is available and mother's genotype is missing, and (3) both parental genotypes are missing or father's genotype is missing and mother's phase is unknown. The offspring genotype phases are determined by parental genotype phases.
Appendix B
b wk with Allowance for Population Admixture at Two Tightly Linked Markers We define m 0i is the vector of population mean. R k , k ¼ 0,1, 2,3, are the frequencies for haplotypes H 0 ¼ A 1 B 1 , H 1 ¼ A 1 B 2 , H 3 ¼ A 2 B 1 , H 3 ¼ A 2 B 2 of the marker on the X chromosome. Assume that there is random mating of the population and random transmission of parental alleles to offspring and that the mean of the quantitative trait values of all samples is centered at 0, so that m 0 ¼ P i n i m 0i ¼ 0. Let M ¼ P i n i , in which n i is the number of offspring in the ith family. a 0 , a 1 , a 2 are the additive genetic values of X-linked marker haplotypes H 0 , H 1 , and H 2 . We follow the Abecasis et al. 13 procedures to prove the feasibility of the orthogonal model for the two-marker haplotype association test.
NDC Model
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